INTRODUCTION
Present-day advances in Colorimehy and in Colour-Vision Science require new treatments to solve some of the problems planned. Between them, the analysis of colour vision from the standpoint of signal theory has been proposed in relation with colour constancy phenomena and others [l]. This implies considering the human vision as a system of acquisition and transmission of chromatic infomation. this being evaluated in the chromatic frequencies domain. This last term has been introduced by Lennie to designate the variable which results from calculating the Fourier transform to any function which depends on the wavelength.
The first antecedent in characterizing the human colour-vision system as a transmitter of information is found in a work of Barlow [Z] , who calculated the Fourier transform of the spectral-sensitivity functions of the three types of cones (Smith and Pokomy 131). This author found that there is 90 % attenuation in the Fourier-transform module for frequencies above 7.7 cycles/p (3.08 cycled 400 nm) for h o n e sensitivity, 9.9 cycledpm (3.96 cycled 400 nm) for M-cone and. 13.3 cycles/p (5.32 cycled 400 nm) for S-cone.
The response of human colour-vision system to colour signals which contain only one chromatic frequency, has been analysed by Benzschawel, Brill 
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(1) where f is the chromatic frequency of the colour signal, m the relative amplitude which can have values within the interval [O,l] ,q(A) the spectral phase which transfonns wavelength to phase angle, and yo the initial phase. From Benzschawel et al. 141
results, they pointed out that the final response sen- 1995, vol. 26 , no 1 sitivity of all the models, defined as the difference between the response to the colour signal given by (1) and the response to the equi-energetic colour signal, are negligible for frequencies greater than 4 cycles/300 nm (5.3 cycles/400 nmj. his result is given not quantitatively but only through the predictions derived from their figures.
Recently, Bonnardel and Varela [8] have realized experimental measurements of the chromatic contrast sensitivity c w e using periodic spectral power distribution stimuli within the visible interval. These stimuli were produced by combinating of polarized filters that allowed, through square periodic modulations, to select spectral power distributions with a frequency within t0.5, 3.61 cycles/3OO mn (10.6. 4.81 cycles/400 nm) and initial within 0" and 180".
These authors compared their experimental results with the theoretical predictions given by the colourvision models studied by Benzschawel etal. They showed a better agreement between the experimental results and the prediction obtained with the Hurvich and Jameson mode1 than the rest of the models. Nevertheless, they found that the sensitivity curves showed a cut-off frequency " at 3.6 cycles/300 nm (4.8 cycles/400 nm), regardless of phase, and maximum sensitivity around 1.5 cycles/300 nm (2 cycles/400 nm) for the models of Hurvich and Jameson and Ingling and Tsou, and 0.9 cycles/ 300 nm (1.2 cycles/400 mn) for the Guth et al. model. However, the value 6.6 cycles/300 nm is not acceptable as an adequately cut-off frequency because it corresponded to the maximum frequency available in their equipment.
In OUI work, we have used a computational procedure analogous to that of Benzschawel etal. to study the particular characteristics of the responses of each cone mechanism and post-receptoral mechanism separately, not analysed previously. We try to establish each mechanism' cut-off frequency and its maximum response value and study the evolution of these characteristics when going deeper along each vision model.
We have extended the interval of chromatic frequencies studied to frequency values beyond 5 cycles/300 nm (6.6 cycles/400 nm), from 0 to 19.8 cycles/400 nm, since we want to establish each mechanism' transmission characteristics before further vision mechanisms get involved, for instance, chromaticity discrimination mechanisms [91. In addition, we applied criteria of information theory to determine to what degree the filtering of the chromatic information is shown.
We have compared our results to the ones of Benzschawel et al. and the experimental ones of Bonnardel and Varela. This has allowed us to evaluate the influence of the chromatic discrimination processes on these authors' results. Finally, our results allow a chromatic frequency domain mechanism-tomechanism comparison between models.
METHOD
On the basis of the above treatment mentioned, we have analysed the response of the colour-vision mechanisms to lights with the sinusoidal spectral energy distributions, given by Eq. (1). The function p( 2) permits us to change a wavelength spectrum measurd in nanometers to a phase angle characterization of between 0" and 360"; since we have taken the visible spectrum between 370 nm and 770 nm, the expresssion for p( 2) is given by (4) We have also introduced a criterion which enables us to estimate the value of the attenuation frequency of the curves, for which we define an estimation coefficient A of the form :
where f is the chromatic-frequency value, and F( f ) any of the functions which characterize the stages of the vision models. In this way we shall consider, as is usual in signal theories, 99 % signal attenuation to have been reached when the values of F ( f ) fall in the interval F(0) i 4. The subsequent analysis of the visual-response curves (not shown here) suggests that this criterion is too rigorous, so that in its place. we use a 2 4 estimation, which means an attenuation of 98 % of the signal. Depending on the mechanism analysed, we calculated the coefficient (5) following different ways. Thus. with the vision model fixed, we calculated the coefficient 4 for the mechanisms L, M and S, identifying the short wave sensitive mechanism S with the function F( f ) ; for the chakels T and D we used the channel T as the estimation function F( f ), while we evaluated the achromatic channel A separately. Figures 1-3 show the results for each vision model obtained on evaluating the response of the photoreceptor mechanisms. The characteristic common to all these figures is that from a certain value of chromatic frequency the corresponding level of simulation is maintained constant and equal to the zero frequency, that is, a stimulation analogous to that produced by an equi-energetic stimulus. Given that the models of Guth etal. and of Ingling and Tsou coincide in the first stage, the figure shows only two curves. The results of fgure I show that the mechanism L filters the chromatic information over 9 cycles/400 nm, independently of the model which we have used for its characterization ; an inhibition furthermore occurring in the stimulation of the mechanism of the chromatic information of the frequency between 1 and 2 cycles/400 nm. In view of the cone-sensitivity curves, gveu by Smith and Pokomy [3] , the response of the mechanism M @g. 2) is analogous to that of L, with similar zones of maximum and minimum stimulation, and the same attenuation-frequency value. The difference between models is accentuated with respect to the curve associated with the S mechanism, and might be expected when we take into account the contributions of the histimulus values to the spectral sensitivity of the mechanism S, in each model. For the model of Hurvich and Jameson, we can confirm ( fig. 3 ) that there is a maximum of 0.4 cycles/ 400 nm and a minimum of 1.4cycles/400nm; the curves corresponding to the models of Guth etal. and of Ingling and Tsou present a maximum of 1.2 cycles/400 nm. If from (1) we build a spectralemission curve E( 2 ) with a frequency of 1 cycle/ 400 nm, we find a peak at 470nm and a minimum at haviour of the three models with respect to the achromatic channel is similar fig. 4) ; it is strongly influenced by the dependency of the L and M responses due to definition of this channel. As a consequence, we can point out a sharp decreasing in the luminance response for colour signals with chromatic frequency between 1 and 2 cycles/400 nm. Figure 5 represents the curve associated with channel T, and shows us the level of stimulation of the opponent red-green sensation, depending on whether we consider the portion of the curve above or below the average level of the stimulation, respectively. Though the forms of the curves are very similar, slightly out of phase with that associated with the model of Hurvich and Jameson, the attenuation frequency varies according to the model. Finally. in fgure 7 we show the visual-response curve associated with the magnitude of the visual sensation V. As we can observe, the frequency response of the visual magnitude V is very similar to the achromatic channel response. This is due to the own definition of this magnitude within each model and also due to fact that absolute values of the A-channel response are always much greater than the ones of T and D-channels. Therefore, we can think that the magnitude V, defined that way, % little informative about chromatic outputs of colour signals and only reports on information related to the luminance of the stimuli. . . . . As an evidence of this, we can see fromfgure 7 that the frequency evolution of Vis practically equal within models by Guth et al. and Hurvich and Jameson,. despite Only within the Ingling an Tsou model, the final response seems to be somehow different to the evolution shown by the A-channel. In this case, curve maxima and minima slightly shift to shorter frequencies ; this makes us think of a larger influence of the chromatics channels, specially the T one,
RESULTS AND DISCUSSION
We have achieved a quantitative evaluation of each channel cut-off frequency, according to the criterium exposed on the previous section, table1 shows these values. As we can observe, respecting to photoreceptoral response, L and M-channel filters much information than S-channel does, except for the Hurvich and Jameson model ; within this model, the behaviour of these channels is quite similar. However, we must remind thah within this model, the definition of L, M and S-channels is not based upon the Smith and Pokomy fundamental response curve, but upon a linear transformation of the CIE-1931 standard observer colour matching functions, and these matching functions show some definition deficiencies for short-wavelengths (Judd [121) . The model's definition for A and V makes the Cutoff frequency within these channels be strongly influenced by the behaviour of L and M-channels, specially by the first one because of its higher values. As we can see, h a l reponse V shows cut-off frequency values included between 6 and 7.2 cycles/ 400 nm (i.e. 0.015-0.018 cycles/nm).
Respecting to T and D-channel, we can underline that T-channel cut-off frequency is hardly influenced by the high values of S-channel cut-off one ; it is quite reasonable as S-channel shows a little influence on T-channel definition. whatever the visual model we choose. Respecting to D-channel (yellowblue), dispersing among models is notorious. The highest value within the Ingling and Tsou model indicates again that this model better render the S-cones contribution in chromaticity. within the Guth etal. model, we obtain a value smaller than expected, even smaller than those from the photoreceptoral responses. In figure 6 , we can see that for Guth etal.'~ model the curve hardly presents any variation in chromatic frequency response, due to this fact, to establish the cut-off frequency through the application' of the adopted criterium is difficult. As we can observe, ones are slightly higher, it is due to the fact that these authors adopt a just-noticeable chromatic perception criterium in order to obtain their results. The visual system response to chromatic information must be more attenuated than photoreceptoral mechanisms one. Our results already include this kind of considerations, as adopting a 98 %-attenuation criterium in cut-off frequency computing means to fix a transmitting information threshold. Therefore. as we can see, these authors' results indicate that chromatic discrimination processes go further on information filtering than the criterium we adopted.
CONCLUSZONS
To sum up, human colour-vision system properties as a colour-signal chromatic information filter show cut-off frequencies between 5.8 and 9.2 cycles/400 nm when analyzing opponent and non-opponent colour-vision mechanism and final response. These values can be decreased by the summation of further mechanisms like discrimination ones [9]. Even considering these further aspects, in the light of signal theory, we cannot state that the tridimensional nature of colour vision could be support by these results. Since obtained cut-of€ frequencies implicate a higher number of wavelength samples [13].
A more specific analysis of the visual-response curves reveals more clearly the differences in the formulations which the vision models provide for the various stages of chromatic perception. In addition, the definition of final response V within the three models includes a little information about chromatic characteristics of colour signals and it is practically determioared by the achromatic channel A.
